While many interactions of dark matter (DM) with the standard model (SM) affect direct detection and LHC searches, there are only a few operators generating annihilation of DM into photons. All of these operators, except four of them, give rise to unsuppressed rates, rendering indirect detection superior to other search strategies. For two of the four effective interactions with velocitysuppressed annihilation cross sections, we identify a new type of loop effect which significantly enhances the associated direct detection rates. As a result, relevant constraints from next-generation direct detection experiments on DM-SM interactions, so far only bounded by the LHC, are obtained.
I. INTRODUCTION
In quantum field theory the weakness of interactions is often related to the fact that the operators that induce the couplings are irrelevant. The "darkness" of DM could therefore be a natural consequence of the DM states having only higher-dimensional interactions with photons, and more generally with electroweak (EW) gauge bosons. In our article we will consider SU (2) L × U (1) Y gaugeinvariant operators up to dimension 7.
We start with scalar DM. In the case of real scalar DM, one has the following dimension-6 operators
as well as terms where the U (1) Y or SU (2) L field strength tensor B µν or W i µν is replaced by its dualB µν orW i µν . All of these operators lead to unsuppressed annihilation into γγ and γZ (see e.g. [1] [2] [3] ) so that the bounds from direct detection or colliders are not competitive with the indirect search limits. The same statements apply if DM is a complex scalar.
Turning to fermionic DM, the leading effects arise in the Dirac case from dimension-5 operators of electric or magnetic dipole type. Explicitly, one has the term
and its dual counterpart (in the case of real Wilson coefficients). As pointed out for instance in [6, 7] , such operators give rise to long-range tree-level interactions between DM and nucleons so that the resulting direct detection constraints are by far too stringent to allow observable γ-ray signals.
For a Dirac fermion, the following dimension-7 operators existχ σ µν χ B Here φ denotes the SM Higgs doublet and τ i are the usual SU (2) L generators. Contributions involving two Higgs fields φ and a dual field strength tensor are also possible. The whole set of these operators induces unsuppressed annihilation rates to either γh or γγ and γZ [1, 3] , rendering indirect detection bounds superior to the other DM search strategies.
Irrespectively of whether DM is Dirac or Majorana, in addition the operators
can be written down (cf. [4, 5] ). While they induce velocity-suppressed annihilation cross sections, their counterparts with a pseudo-scalar DM current lead to unsuppressed annihilation rates [1] [2] [3] . Operators of the form (4) involvingB µν orW i µν do not produce direct detection signals even at the one-loop level [2] and we thus do not consider such contributions in what follows.
Since indirect detection provides no meaningful constraint, the interactions (4) are, up to dimension 7, the only DM-photon couplings for which loop-induced direct detection may be phenomenologically relevant. While the one-loop contributions to direct detection originating from operators with electromagnetic field strength tensors have been studied [2] , such a computation is, to the best of our knowledge, not available for O B and O W . The main goal of this work is to close this gap. Like in previous works [2, 4, [8] [9] [10] [11] [12] , we find that also for the terms (4) virtual exchange of SM particles can significantly change the predictions for the DM-nucleon scattering cross section. In Sec. II we spell out the necessary ingredients to come to this conclusion. In Sec. III we review the restrictions arising from the invisible decay h →χχ of the SM Higgs boson, from missing energy ( / E T ) searches at the LHC and from the DM relic density. We present our numerical results in Sec. IV, before concluding in Sec. V. order to calculate the corresponding cross section one has to perform the following four separate steps: i) renormalisation group (RG) evolution from the new-physics (NP) scale Λ, where the interactions (4) are generated, down to the EW scale µ w ; ii) computation of matching corrections at the EW scale obtained by integrating out the top quark, the Higgs, the Z and the W boson; iii) RG evolution from the EW scale to the hadronic scale µ l 1 GeV, taking into account heavy quark thresholds; iv) calculation of the nucleon matrix elements of all operators that are present at µ l , including those induced by operator mixing. It turns out that to perform step i) one has to consider besides (4), the two additional dimension-7 operators
II. LOOP-INDUCED DIRECT DETECTION
Here y q = √ 2m q /v are the SM quark Yukawa couplings and v 246 GeV denotes the vacuum expectation value (VEV) of the Higgs doublet φ. The effective Lagrangian relevant for scales µ with Λ > µ > µ w is hence
The Feynman graphs in the unbroken SU (2) L × U (1) Y theory that generate (5) are shown in Fig. 1 . From these diagrams we obtain in the leading logarithmic (LL) approximation the following corrections
to the Wilson coefficients of the effective operators O y and O φ at the scale
and Y d R = −1/3, while α 1 and α 2 are the coupling constants of U (1) Y and SU (2) L , respectively. To the precision we are working at, the scale that enters the gauge couplings is undetermined. In our numerical analysis we will employ α 1 1/98 and α 2 1/29 corresponding to weak scale values. Note that (7) includes only contributions generated by the RG flow associated to O B and O W , while direct contributions from nonzero initial conditions C k (Λ) of the remaining operators are neglected.
In step ii) the EW symmetry is spontaneously broken by the VEV of φ leading to mixing of B µ and W 3 µ into the photon field A µ and massive quarks. For scales below µ w the operator basis thus contains
but no longer O B , O W and O y . In the normalisation (6), the relevant tree-level matching conditions read
with s w and c w denoting the sine and cosine of the weak mixing angle. Our numerical results will utilise s Integrating out the top quark generates an effective interaction between DM and gluons of the form
with α s given at the scale µ and G a µν being the SU (3) c field strength tensor. At the one-loop level the corresponding Wilson coefficient is obtained via the ShifmanVainshtein-Zakharov relation [13] . In terms of C t (µ w ) as given in (9), one finds
if the top quark is removed together with the Higgs and the EW gauge bosons as an active degree of freedom. The operator O q is defined to be invariant under QCD at the one-loop level. The RG evolution in step iii) is, however, nontrivial since the operator O F mixes into O q through the exchange of virtual photons. One obtains for scales µ with µ w > µ > m q at LL order [2] 
where Q q is the electric charge of the corresponding quark. We will employ the value α 1/137 for the electromagnetic coupling constant to obtain numerical predictions.
At the bottom and charm threshold one has to integrate out the corresponding heavy quark by again applying (11) . Putting everything together and setting the scale µ w equal to m W 80.4 GeV, we find for the relevant low-energy Wilson coefficients C F (µ l ) C F (Λ) and
Here m b 4.2 GeV, m c 1.3 GeV and we have defined
Note that in the combination C F (Λ) the scale has been identified with Λ although formally it should read m W see (9) . This means that we ignore the self-mixing of O B and O W which is numerically negligible. Let us add that compared to [2] , the low-energy Wilson coefficients C q (µ l ) and C G (µ l ) contain additional contributions from (7) and (9), associated to EW symmetry breaking.
The expressions given in (13) are LL accurate. Corrections beyond this order arise for instance from loop-level matching at the EW scale. A simple example of such an effect is the one-loop matching correction to the Wilson coefficient of the operator O b . This contribution is generated by a diagram similar to the one shown on the lefthand side in Fig. 1 and involves external bottom quarks as well as internal W -bosons and top quarks. Via (11) the one-loop correction to the Wilson coefficient C b (µ w ) then contributes to C G (µ l ). Additional beyond-LL effects arise for example from the O(α s ) corrections [14] to the relation in (11) . We have explicitly verified that these higher-order contributions have only a minor effect (at the level of 10%) on the resulting DM-nucleon scattering cross section. In view of the hadronic uncertainties plaguing the calculation of the direct detection rate, a computation of LL effects thus seems sufficient. In our numerics we will hence employ the expressions for the low-energy Wilson coefficients as given in (13).
In step iv) one has to evaluate the matrix elements of the effective operators O F , O q and O G between nucleus states at the scale µ l 1 GeV. The spinindependent (SI) cross section for elastic Dirac scattering on a nucleon reads (cf. [2, 4, 8, [15] [16] [17] )
where m red = m χ m N /(m χ + m N ) denotes the reduced mass of the DM-nucleon system and m N 0.939 GeV is the average nucleon mass. The term proportional to αZ 2 /A with Z the total electric charge of the nucleus and A its mass number stems from Rayleigh scattering of two photons on the entire nucleus [2, 4] . At zero-momentum transfer the corresponding form factor reads f (14) has to be multiplied by a factor of 4.
III. LHC BOUNDS AND RELIC DENSITY
As we have explained in the previous section, the effective interactions introduced in (4) lead to a DM direct detection cross section via Higgs exchange diagrams involving gauge boson loops. In the case of Dirac fermions the induced partial Higgs decay width is given by
where C φ (m h ) is the Wilson coefficient (7) of the oper-
For Majorana DM the rate (15) is larger by a factor of 2.
In terms of Γ (h →χχ) and the total visible decay width Γ(h → SM) 4.1 · 10 −3 GeV [18] of the SM Higgs with a mass of 125 GeV, the invisible branching ratio reads
The latter quantity can be constrained by the Higgs signal strength data obtained at the LHC and the Tevatron. Additional but weaker restrictions also follow from dedicated searches for / E T signals arising from Higgs production [19, 20] . A very recent signal strength analysis [21] finds Br (h → invisible) < 18.5% at 95% confidence level (CL) assuming that the Higgs has SM couplings but additional invisible decay modes.
Combining the above results the present bound on the invisible Higgs branching ratio provides only very loose constraints on the parameter space. Given the expected improvements with which the couplings of the Higgs can be extracted at future stages of the LHC and/or a possible ILC, relevant limits could however arise. In [22, 23] the ATLAS and CMS experiments estimate that at the √ s = 14 TeV LHC with 3000 fb −1 of integrated luminosity a 95% CL limit Br (h → invisible) < ∼ 7% may be obtainable. Assuming a NP scale of Λ = 300 GeV, such a bound translates into the limit C W (Λ) < ∼ 1.1 for Majorana DM with a mass of 10 GeV. For comparison, a √ s = 250 GeV ILC with an integrated luminosity of 250 fb −1 can set a bound of Br (h → invisible) < ∼ 0.9% at 95% CL [24] . Such a precision would improve the above limit to C W (Λ) < ∼ 0.4. Constraints on the operators (4) also arise from collider data [25] [26] [27] [28] [29] . We have updated these bounds by including the latest LHC searches for h → invisible decays in vector boson fusion [20] , a mono-photon [30], a mono-Z [29] and a / E T + W/Z (→ hadrons) [31] signal. In addition, we have considered the / E T + W (→ leptons) channel [32, 33] and the newest mono-jet data [34] . While we reserve a detailed discussion of the constraints imposed by the individual search strategies for a future publication, it suffices to say, that depending on the choice of parameters, either the mono-photon or the mono-jet data give rise to the strongest restrictions at present. The 95% CL limits on the parameter space presented in the next section thus turn out to be more severe than the LHC limits found previously.
The effective operators O B and O W lead to velocitysuppressed DM annihilation rates. This means that writing the non-relativistic annihilation cross sections as
−3 c the DM velocity, one has a B = a W = 0. The coefficients b k on the other hand are nonzero. Employing the results given in [35] , we find in the Dirac case
where we have defined
Hereafter we will use m Z 91.2 GeV. Note that the coefficients in (16) are larger by a factor of 4 if DM is Majorana. Using the results for b B and b W the relic density can then be calculated using [36] Ω χ h 2 0.11 1.58 · 10
where s χ = 2 or 1 in the case of Dirac or Majorana fermions. The cross section for DM annihilation into γγ can be obtained from the above results by employing
.
IV. NUMERICAL ANALYSIS
In the following we will compare the bounds from direct detection originating from the loop effects discussed in detail in Sec. II to the limits from / E T searches at colliders and the requirement that the correct relic density is reproduced. We will present results for real Wilson coefficients, fixing the NP scale Λ to 300 GeV and allowing either C B (Λ) or C W (Λ) to be nonzero. These two scenarios will be called I and II below.
For Majorana fermions the various constraints in the m χ -C B (Λ) (upper panel) and m χ -C W (Λ) (lower panel) plane are shown in Fig. 2 . In scenario I, we find that the recent mono-photon search by CMS [30] represents the most stringent LHC bound. As illustrated by the green curve, this constraint requires C B (Λ) < ∼ 0.12 for m χ < ∼ 100 GeV. The parameter space to the left (right) of the dashed back line corresponds to Ω χ h 2 > 0.11 (Ω χ h 2 < 0.11), assuming standard freeze-out of symmetric DM. In regions where DM underproduction is predicted, the observed relic abundance Ω χ h 2 0.11 [37] can still be obtained if an initial asymmetry is present in the dark sector in analogy to the baryon asymmetry. To calculate bounds from direct detection in these regions, we assume that such a mechanism does indeed increase the abundance to account for all of the observed DM. From the intersection of the mono-photon bound and the relic constraint, we obtain a lower bound on the DM mass of m χ > ∼ 160 GeV. The restrictions imposed by direct detection are indicated by the dashed coloured curves. One observes that already the first LUX results [38] (orange) lead to a, though admittedly weak constraint in the m χ -C B (Λ) plane. Next-generation detectors such as Super-CDMS (SCDMS) [39] (magenta), XENON1T [40] (red) and DarkSide-G2 (DS-G2) [41] (cyan) will however be able to improve on the existing bounds, and the sensitivity of the proposed LUX-ZEPLIN (LZ) DM search experiment [42] (blue) will allow to probe unconstrained values of C B (Λ) for m χ > ∼ 930 GeV. In scenario II, we find that the latest mono-jet data from CMS [34] (green curve) provide the strongest collider constraint at the moment. In fact, we obtain C W (Λ) < ∼ 0.09 for DM Majorana masses below about 100 GeV. Note that the latter bound significantly exceeds the limit that one might be able to extract from a determination of Br (h → invisible) at an ILC. Combining the LHC and the DM abundance (dotted black line) constraints, we can again derive a lower limit on the DM mass and obtain m χ > ∼ 150 GeV. Turning to the direct detection limits (dashed coloured curves), we observe that in scenario II the existing LUX data (orange) are also not sufficient to test unexplored parts of the parameter space. However, the anticipated sensitivity of SCDMS (magenta), XENON1T (red), DS-G2 (cyan) and LZ (blue) will again allow to set novel upper bounds on C W (Λ), if DM is sufficiently heavy.
Note that for fixed Λ and m χ the direct detection constraints on C W (Λ) are always stronger than those on C B (Λ). This feature can be traced back to the destructive interference between the Rayleigh contribution associated to O F and the corrections from O q and O G arising due to operator mixing and threshold corrections (this interference effect has already been noticed in [2] ). In scenario I, we find that the term proportional to C F (µ l ) in (14) always dominates over the remaining corrections. The dominance of the Rayleigh contribution has two origins. First, in (9) the Wilson coefficient C B (µ w ) enters C F (µ w ) with a factor of c 2 w and second, the numerical coefficients in (13) multiplying C B (Λ) are much smaller than those in front of the Wilson coefficients C W (Λ). In scenario II, on the other hand, the logarithmically-enhanced effects entering via (7) and (9) dominate in (14) , while Rayleigh scattering provides only a minor contribution to σ SI N . Note that the aforementioned destructive interference is weaker for heavier nuclei since the Rayleigh contribution to the SI DM-nucleon cross section scales with αZ 2 /A. This property explains why the DS-G2 constraint is, compared to XENON1T, less powerful in scenario I, while in scenario II the DS-G2 experiment will be able to probe a larger part of the parameter space than XENON1T.
We finally add that the annihilation cross sections into photon pairs corresponding to the allowed parameter space shown in Fig. 2 . Even order-ofmagnitude improvements of the present-day indirect detection limits by γ-ray detector specifically designed for DM detection (such as the Dark Matter Array described in [43] ) will thus not provide any relevant constraint on the interactions (4).
V. CONCLUSIONS
In this work we have highlighted the importance of a systematic analysis of loop effects induced by SM fields to connect effective operators generated at the NP scale Λ with direct detection rates that probe the DM-SM interactions at low energies. We considered the case of a fermionic DM particle which is a singlet under the SM gauge group. Focusing on the only two dimension-7 operators that involve regular EW field strength tensors and lead to velocity-suppressed DM annihilation rates into photon pairs, we identified new contributions to DMnucleon scattering that arise from gauge boson loops in the unbroken SU (2) L × U (1) Y theory. The Wilson coefficients of the considered effective DM-gauge boson interactions have previously been bounded by LHC data, but the limits that originate from loop-induced direct detection have not been studied. Our calculations enable us to perform such an analysis incorporating all relevant LL-enhanced effects. While it turns out that the current sensitivity of direct detection experiments is insufficient to compete with the existing LHC constraints, the next generation of shielded underground detectors will be able to probe unexplored parts of the parameter space. Unlike the LHC, direct detection experiments are not kinematically limited, so that for DM masses of a few TeV the latter search strategy may, for some time, provide the only window on the interactions considered here.
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